Polarization effects have been studied in GaN/AlGaN multiple quantum wells ͑MQWs͒ with different c-axis orientation by means of excitation-dependent photoluminescence ͑PL͒ analysis. Quantum structures were grown on ͓0001͔-oriented sapphire substrates (C plane͒ and single-crystalline ͓1100͔-oriented freestanding GaN (M plane͒ using the metalorganic chemical vapor deposition technique. Strong PL spectrum line blueshifts ͑up to 140 meV͒ which are correlated with the excitation intensity have been obtained for C-plane MQWs, whereas no shift has been observed for M -plane MQWs. Theoretical calculations and comparison with the PL data confirm that the built-in electric field for C-plane structures is much stronger than the field present for M -plane MQWs. In the former case, the excitation-induced blueshift of the PL line is due to the screening of the built-in electric field by photoinjected carriers, which is consistent with the field strength of 1 The III-nitride semiconductors and their alloys are attractive materials suitable for the development of blue and UV optoelectronic devices ͑light-emitting and laser diodes, photodetectors͒, as well as for high-voltage and high-power electronic devices ͑e.g. high-electron mobility transistors͒. 1, 2 Various epilayers, including quantum structures such as single or multiple quantum wells ͑MQWs͒ are most commonly grown on ͓0001͔-oriented sapphire or 6H-SiC. With this orientation, strong built-in electrostatic fields appear as a result of spontaneous and piezoelectric polarization, 3 due to the noncentrosymmetric nature of wurtzite C-plane oriented films. These electrostatic fields tend to bend the energy band structure of quantum wells, and electrons and holes become situated in nearly triangular potential wells. The modulation of the conduction and valence band edges due to large internal electric fields leads to the quantum confined stark effect ͑QCSE͒. The QCSE is undesirable in light-emitting devices because the fields across the individual quantum wells give rise to a spatial separation of electrons and holes. 4 This results in a reduced oscillator strength and lower quantum efficiency for radiative transitions. Furthermore, in MQW structures designed for deep UV emission, QCSE causes an undesirable redshift in the emission spectra. 5 A useful approach for reducing the deleterious effects of built-in fields is to fabricate GaN-based structures along nonpolar directions, e.g., to grow ͓1100͔-oriented M -plane films since these surfaces contain an equal number of Ga and N atoms and, therefore, are nonpolar. 6 In this letter, we study processes in highly excited GaN/ AlGaN MQWs with C-and M -plane surfaces and, thereby, we seek to analyze the effects of controlling a built-in electrostatic field in determining the properties of quantum structures. Six periods of the AlGaN/GaN quantum wells were simultaneously deposited on the freestanding M -plane GaN wafers and thick C-plane GaN layers under identical conditions. The ͓1100͔-oriented M -plane GaN templates were grown by halide phase epitaxy on the closely lattice matched ͑100͒ plane of LiAlO 2 . After depositing a 350-m-thick layer of GaN, the original LiAlO 2 substrate was removed with wet acid etching. Thus, freestanding ͓1100͔-oriented GaN templates were obtained, which served as the starting substrates for our study. The 2-x-ray diffraction ͑XRD͒ scans exhibit only sharp GaN (1100) and (2200) peaks, indicating the single-crystal nature of (1100) plane GaN templates. The scans show a full width at half maximum of about 20 arcmin indicating reasonable crystal quality. The ͓0001͔-oriented C-plane 3-m-thick layers were grown on sapphire. The AlGaN/GaN MQWs growth was carried out by low-pressure metalorganic chemical vapor deposition. Triethylgallium, triethylaluminum ͑TEA͒, and NH 3 were used as the precursors for Ga, Al, and N, respectively. TEA has been chosen as the Al source because of its low vapor pressure. Thus, we are able to deposit the AlGaN quantum well barrier films with an appropriately slow growth rate to obtain a sharp interface. The reactor pressure and temperature were kept at 76 Torr and 1000°C and H 2 was used as a carrier gas during the growth. From high-resolution XRD scan curves, we evaluated the MQW well width and barrier width L w ϭ5 nm and L b ϭ10 nm, respectively. These values agree very well with the thickness values based on growth rate. The smooth surface of the samples was revealed by a Nomarsky optical microscopy and scanning electron microscopy. The barrier alloy contained 18% of Al. The photoluminescence ͑PL͒ spectra were then measured using pulsed ArF excimer laser excitation ͑ϭ193 nm, ϭ8 ns, and f rep ϭ10-100 Hz͒. The laser beam was focused on the surface of the samples to a spot of about 0.2 mm diameter. A maximum pump power density of ϳ2 MW/cm 2 could thus be reached. Excitation intensity could be reduced by a set of neutral density filters. Luminescence was measured in a backscattering geometry using a SPEX550 monochromator with a UV-enhanced charge coupled device array.
In this study, we concentrate our attention on the roomtemperature ͑RT͒ experiments, since at low-temperature, PL analysis is more complicated due to spectral structures of exciton origin ͑free, bound excitons, their phonon replicas͒ and competition of these recombination channels. Figure 1 shows RT PL spectra for C-plane ͓Fig. 1͑a͔͒ and M -plane ͓Fig. 1͑b͔͒ of GaN/Al 0.18 Ga 0.82 N MQWs under conditions of different excitation power density. In both cases, the near band-edge emission spectrum consists of one band; however, for the C-plane sample, the peak undergoes a blueshift with excitation intensity; whereas for the M -plane, its position remains unchanged. The long-wave shoulder of the spectra which appears under highest excitation ͑Ͼ500 kW/cm 2 ) may be ascribed to many-body effects in high-density electronhole plasma. 7 The experimental points in Fig. 2 show the peak energies of the PL spectra as a function of excitation power density P with more detail. Note that for P Ͼ50 kW/cm 2 , PL spectral positions, in both cases, become very close and remain nearly the same with further increases in excitation intensity. The observed PL dependencies may be explained taking into account the built-in electrostatic field, the strength of which reduces with increasing excitation due to field screening by the carriers. In order to evaluate the magnitude of the electric field in the MQWs, we applied a simple model based on a triangular potential well resulting from the presence of both the total built-in field as well as the photogenerated carriers with two-dimensional ͑2D͒ carrier density . We assumed that those carriers accumulate at GaN/AlGaN interfaces, thereby reducing the field F w , which can be approximately evaluated as
Here, F 0 is built-in electrostatic field strength in unexcited wells. All the parameters used in our calculations are taken from literature 3,9-11 and are listed in Table I . Since the position of the PL peak energy h max for near band-edge emission ͑electron-hole band-to-band and/or excitonic recombination͒ is determined by the ground level energy, we can obtain
͑2͒
In order to compare our experimental results with calculations, we have to express h max as a function of excitation power density P. We have used two approaches: ͑i͒ assuming constant carrier lifetime r ͑this situation is expected for lower carrier injection level͒ or ͑ii͒ assuming predominantly bimolecular recombination ͑higher excitation͒. In the former case, the 2D carrier density ϭ␣ PL w /h las , whereas in the latter case ϭL w ͱP␣/h las ␥. Here ␣ is the absorption coefficient for the laser emission at h las and ␥ is the bimolecular recombination coefficient ͑see Table I͒ and 4 in Fig. 2͒ , whereas for M -plane MQWs, the initial field values need to be much lower ͑Ͻ300 kV/cm, curves 3 and 6͒. From this comparison, we can also conclude that the constant lifetime approach describes experiment results better for lower excitation levels ͑curve 1͒, while bimolecular recombination presumably starts to appear at PϾ10-20 kW/cm 2 ͑curve 4͒. We have evaluated the built-in electric field F 0 in the case of spontaneous and piezoelectric polarization in GaN/Al 0.18 Ga 0.82 N MQWs (C-plane orientation͒ independently, just taking into account the parameters relevant to those quantum structures. Indeed, using parameters from Table I , we can obtain
In this model, we have neglected piezopolarization in the wells since the well material is GaN and suffers no in-plane deformation due to the thick ͑therefore, relaxed͒ GaN buffer layer of the structures. However, the Al 0.18 Ga 0.82 N barrier is under the tension ʈ due to in-plane mismatch with GaN and, hence, barrier piezoelectric charge can be calculated as P pe b ϭϪ2 ʈ (e 33 C 11 /C 33 Ϫe 31 ), where e i j and C i j are piezoelectric tensor components and the elastic constants, respectively ͑see Table I͒. The field value evaluated according to Eq. ͑3͒ for C-plane MQWs is found to be 1.27 MV/cm. It agrees well with the value 1.23 MV/cm obtained from our earlier theoretical and experimental PL data fitting in Fig. 2 .
In addition, we have analyzed the PL excitation intensity dependence of the PL for both M -and C-plane MQWs over a wide range of intensities. Figure 3 shows integrated PL intensity as a function of excitation power density. Note that under higher excitation levels, ( PϾ50 kW/cm 2 ) absolute PL intensity is very close for both C-and M -plane MQWs and increases linearly with excitation (Iϳ P); whereas at low excitation levels, the situation is quite different. At low levels, the PL intensity in C-plane MQWs increases strongly superlinearly (Iϳ P 2.2 ); whereas in M -plane MQWs, the dependence is weaker (Iϳ P 1.45 ). At the excitation level of ϳ1 kW/cm 2 , the PL intensity from MQWs with M -plane orientation is about 30 times higher in comparison to those with C-plane orientation. A similar difference in PL intensities was reported recently in quantum well structures with A-plane orientation using continuous wave laser excitation. 13 These observations can be understood by taking into account the strong built-in electric field in C-plane MQWs in contrast to M -plane MQWs which exhibit much lower field strength. Indeed, spatial separation of carriers in triangular wells due to the QCSE in C-plane MQWs with the characteristic strong built-in fields which exist at low excitation intensities leads to poor overlapping of the wave functions of electrons and holes. This process leads to the major reduction of electronhole radiative recombination traffic as compared to M -plane MQWs under these conditions. Typically, when nonradiative channels predominate ͑low excitation and constant lifetime regime͒, the band-to-band or excitonic radiative recombination rate is expected to change with excitation as Iϳ P 2 . There will be a transformation to Iϳ P when nonradiative channels saturate and radiative recombination predominates at elevated excitation ͑high excitation and bimolecular recombination regime͒. A power index 2.2 for C-plane MQWs indicates that there must be some additional reason for a steeper PL intensity dependence on excitation. We suggest that the reason is based on screening of the built-in electric field by injected carriers at elevated excitation levels, whereby the reduction of the field strength leads to a stronger overlap of the carrier wave functions and, consequently, an additional increase of PL intensity.
In conclusion, the comparative study of PL for C-and M -plane GaN/AlGaN MQWs showed strong differences in excitation-induced behavior of PL in these quantum structures. We found that for C-plane oriented MQWs, the energy of the peak of the PL spectrum became blueshifted with increasing excitation intensity, whereas the peak position of the PL for M -plane MQWs remained unchanged. We observed much weaker PL intensity for C-plane MQWs in comparison to M -plane MQWs at low excitation levels. These results indicate the existence of much stronger built-in electric fields in C-plane quantum structures in comparison with M -plane MQWs. An analysis of the experimental results along with theoretical data fitting shows that the electric-field strength in C-plane MQWs reaches the value of 1.23 MV/cm. Clearly, the growth of GaN/AlGaN MQWs with a nonpolar orientation can lead to a significant increase in the quantum efficiency of these nitride-based emitters, especially at low and medium excitation levels ͑e.g., for light-emitting diodes͒. This work at USC was supported by Army SMDC Contract No. DASG60-00-10003, monitored by Terry Bauer. 
